Objective To investigate the associations between manganese (Mn) exposure, D2 dopamine receptors (D2Rs), and parkinsonism using [ 11 C](N-methyl)benperidol (NMB) PET.
In excess, manganese (Mn) is a neurotoxicant that targets basal ganglia, 1 but understanding of the pathogenic mechanisms in humans remains limited. Alterations of striatal and extrastriatal D2 dopamine receptor (D2R) concentrations have been implicated in the pathophysiology of movement disorders, including parkinsonism 2 and dystonia, 3, 4 both of which can be seen in Mn neurotoxicity. D2Rs are expressed presynaptically on dopaminergic neurons and postsynaptically on dopaminergic neuronal pathways throughout the brain. [5] [6] [7] The functional roles of D2Rs are complex with their diffuse distribution and dual presynaptic and postsynaptic expression. 6, 8, 9 PET permits in vivo assessment of dopamine receptors, although previous studies with D2R PET ligands in human and nonhuman primate models of Mn toxicity used nonspecific PET radioligands for the D2R family with similar affinity for D2R and D3 receptor subtypes. 3, 10, 11 Competition from endogenous dopamine may alter brain uptake and retention of these radioligands [12] [13] [14] and may have contributed to inconsistent results across studies. [15] [16] [17] [18] [19] The PET radioligand [ 11 C](N-methyl)benperidol (NMB) is an analog of the dopamine receptor antagonist benperidol and has both high affinity and selectivity for D2R but is not displaced by endogenous dopamine. 3, 20 In the present study, we evaluated the relationship between occupational Mn exposure, D2R density, and parkinsonism using NMB PET imaging in Mn-exposed workers and nonexposed workers, clinically characterized by a movement disorder specialist. We hypothesized that Mn exposure would be associated with dose-dependent differences in D2R density indicating dopaminergic dysfunction.
Methods
Standard protocol approvals, registrations, and patient consents This study was approved by the Washington University Human Research Protection Office and the Radioactive Drug Research Committee, and all participants provided written informed consent.
Participants
All participants (n = 50) were workers from the US Midwest and were recruited from May 2013 to September 2016. To obtain a range of Mn exposures, we recruited from 2 sources. Some (n = 32) were International Brotherhood of Boilermakers union members who participated in a previous cohort study 21 of Mn-exposed workers. The remainder (n = 18) were workers engaged in construction who were recruited from a carpentry union. The study was designed to have 90% power to detect a 10% difference in NMB binding between groups. In total, 22 workers conducted welding (welders or welder helpers, hereafter called Mn-exposed welders), 15 workers who worked around welding fume (hereafter called Mn-exposed workers), and 13 workers who were not occupationally exposed to Mn. Inclusion criteria were no history of stroke, brain tumor, or other condition that could compromise the Unified Parkinson's Disease Rating Scale motor subsection 3 (UPDRS3) score 22 ; no antiparkinsonian medications, neuroleptics, or amphetamines; and age ≥18 years, as detailed previously. 21 We excluded 2 workers due to medical conditions on the basis of these criteria. Covariate data were available for all workers.
Clinical assessment
A movement disorders specialist blinded to Mn exposure examined all workers and rated them using the UPDRS3. The 2 examiners in this study each rated 10 videos of patients with Parkinson disease (PD) each year, and the intraclass correlation coefficient for UPDRS3 ratings was >90%. However, to account for potential differences by examiner overall and by study time, we adjusted UPDRS3 scores as previously described. 21 
MRI acquisition
We acquired high resolution 3-dimensional (3D) magnetizationprepared rapid gradient echo (MPRAGE) images on each worker using a Siemens 3T Magnetom Trio or Prisma scanner (Erlangen, Germany) (repetition time = 2,400 milliseconds, inversion time = 1,000 milliseconds, echo time = 3.14 milliseconds, flip angle = 8°, 0.9 × 0.9 × 0.9-mm voxels). Cumulative Mn exposure is associated with increased globus pallidus (GP) T1 signal, and the signal intensity is traditionally measured in terms of a pallidal index (PI), defined as the ratio of T1 signal in the GP to a white matter reference region. 23, 24 PIs were calculated from the MPRAGE images as previously described PET acquisition NMB was synthesized as previously described. 25 A single Siemens/CTI EXACT+ scanner, which has 32 rings of bismuth germanate detector elements and acquires 63 simultaneous slices with 2.4-mm spacing and an axial field of view of 15.5 cm, was used to acquire scans in 3D mode. Three retractable germanium 68 ( 68 Ge) rod sources were used for transmission scans to measure individual attenuation factors. Transaxial and axial spatial resolution at slice center are 4.3-and 4.1-mm full width halfmaximum in 3D mode. 26 NMB (5-25.67 mCi) was injected IV into an arm vein over 20 seconds. Dynamic PET images were obtained for 120 minutes beginning with radioligand injection, with three 1-minute frames followed by four 2-minute frames, three 3-minute frames, and 20 five-minute frames. PET scans were reconstructed with filtered back-projection with ramp filter cutoff at the Nyquist frequency and included attenuation, scatter, and random correction.
Image analysis
For each worker, we coregistered dynamically acquired PET image frames to each other and to the individual's MPRAGE image using methods previously outlined. 7 A priori MRI-defined volumes of interest (VOIs) included caudate, anterior and posterior putamen (AP and PP), GP, thalamus, substantia nigra (SN), a standard white matter reference region for the MRI PI, and a cerebellar reference region for the NMB PET. We used FreeSurfer 27 for segmentation of the subcortical deep nuclei and cerebellum on individual MRIs. Caudate, AP, PP, GP, thalamus, and cerebellum were identified with FreeSurfer, and a single investigator manually edited these volumes. The cerebellar volume included all gray and white matter from both hemispheres. The putamen VOIs were manually separated at the posterior fornix on individual MPRAGEs as defined previously. 23 The SN and white matter reference regions were manually traced following previously published methods. 23, 28 All VOIs were reviewed by an independent second investigator. We eroded VOIs to minimize partial volume effects on the regional PET measurements of radioactivity. For the caudate, AP, PP, GP, and thalamus, we combined a gaussian smoothing filter at a 3-mm full width halfmaximum with thresholding set to 0.75 to erode the surface of the original region. The SN VOI was not large enough to erode.
For each worker, the FreeSurfer-defined VOIs and reference region were resampled in Talairach atlas space 29 to 3 mm, and decay-corrected tissue activity curves were extracted from the dynamic PET data. 30 D2R nondisplaceable binding potential (BPND) was calculated for each VOI with the Logan graphical method 31 with cerebellum as the reference region. Slopes were obtained from Logan plot points for data acquired 60 to 120 minutes after NMB injection. Left and right BPNDs were averaged for all VOIs. We checked for potential variations in PET scanning over time and found no evidence of association between D2R BPND and scan date.
Exposure assessment
All workers completed or updated a validated, structured questionnaire in person at the time of imaging, which included a detailed work history. 32 From this, we created categorical Mn exposure groups based on intensity of welding fume exposure as described above. We also calculated 2 cumulative Mn exposure variables, the total years of welding fume exposure and mg Mn/m 3 -years. 21 The latter variable takes into account both duration (years) and intensity (mg Mn/m 3 ) of exposure. All exposure variables were available for all participants.
Statistical analysis
We used R version 3.3.1 with the DiscriMiner package 33 for all statistical analyses. We verified that the VOI D2R BPNDs were multivariate normally distributed and performed multivariate analysis of covariance 34 as an omnibus test to determine whether differences existed among the exposure groups, covarying with age and using the Pillai trace as the test statistic. We used post hoc descriptive discriminate analysis 34 to determine which VOIs drove any group differences and corrected this analysis for 6 multiple comparisons using the BenjaminiHochberg procedure 35 with the false discovery rate set at 0.10. Finally, for VOIs with the greatest discriminate power, we used multivariable linear regression to examine associations within each VOI between D2R BPND and exposure and D2R BPND and examiner-adjusted UPDRS3 score as continuous measures. We verified linearity by residual analysis and locally weighted scatterplot smoothing. 36 When locally weighted scatterplot smoothing suggested a possible alternative model, we compared it to the linear model using Akaike information criterion (AIC). 37 We examined influential points defined by a Cook distance >4/(number of participants − number of predictors − 1) as a measure of the leverage of a data point on the model. 38 In addition to the full models, we performed models with influential points excluded, in case these points distorted the association because of sample size. Parameter significance tests were 2 sided in all models.
We adjusted for age, centered at 43 years (median age among nonexposed), in all models unless noted because age may influence D2R BPND. 25 We compared exposure groups to the nonexposed workers on key demographics using pairwise t tests. We repeated all analyses restricted to men and examined the effects of volume size on D2R BPND. There was no association between volume and D2R BPND for the SN, AP, or thalamus; however, there were significant linear associations between volume and D2R BPND for the caudate, GP, and PP, so we performed a sensitivity analysis adjusting for volume in these VOIs. We explored the associations in clinically normal workers (UPDRS3 score ≤6) because inclusion of Mn-exposed workers with nonnormal UPDRS3 scores might enhance the association between D2R BPND and exposure. For this sensitivity analysis, we compared nonexposed workers with the Mn-exposed participants as a single group (n = 12). There were 2 participants with a first-degree family history of PD. We repeated all analyses excluding these 2 workers.
Data availability
Data from research participants in this study, who authorized sharing of their research data, will be made available to investigators with appropriate expertise and research support after publication of the primary aims of this study. All shared data will be deidentified and will be released in accordance with US regulations.
Results

Subject characteristics
Most workers were non-Hispanic white men (table 1). The exposure groups were similar in terms of sex and age. Both Mn-exposed workers and welders had relatively wide ranges of Mn exposure. The age-adjusted PI was higher in Mnexposed workers (5.2 points, p = 0.10) and Mn-exposed welders (6.0 points, p = 0.04) than nonexposed workers. Similarly, UPDRS3 scores were higher in both Mn-exposed workers (mean 6.9, p ≤ 0.01) and welders (mean 11.3, p ≤ 0.01) compared to the nonexposed workers (mean 2.1). The most common parkinsonian features in the Mn-exposed participants were limb bradykinesia, axial signs, and limb rigidity. Action tremor was markedly more prevalent than rest tremor (table 1) . No workers had a diagnosis of PD or received any treatment for parkinsonism, including chelation. As previously reported, these workers had ≈12% lower 6-[
18 F]fluoro-L-dopa uptake in the caudate nucleus.
23,39 Mn exposure intensity and NMB PET Multivariate analysis of covariance demonstrated differences in D2R BPNDs among the 3 exposure groups while covarying for age (Pillai trace = 0.45, p = 0.04). Post hoc descriptive discriminate analysis revealed that the SN (p < 0.01) and caudate (p = 0.09) had the greatest discriminant power. The SN remained significant after correction for multiple comparisons. Linear regression demonstrated that SN D2R BPND was higher in both Mnexposed workers and Mn-exposed welders compared to nonexposed workers (all p ≤ 0.05, table 2 and figure 1) . When restricted to workers who had UPDRS3 scores ≤6, SN D2R BPND uptake remained similarly higher (0.07, 95% confidence interval [CI] 0.01-0.13) in Mn-exposed (n = 12) compared to nonexposed workers (n = 13) (p = 0.02) (data not shown in tables). We also re-examined the difference between exposure groups while adjusting for caudate, GP, and PP volume and found no substantial changes. Similarly, results did not change with the analysis limited to men or excluding the 2 workers with a family history of PD in a first-degree relative.
Cumulative Mn exposure and NMB PET SN D2R BPND increased with all cumulative Mn exposure measures, with and without influential points (all p ≤ 0.09, table 3). The association between duration in an Mn-exposed job 
NMB PET and UPDRS3
There was a linear association between SN D2R BPND and examiner-adjusted UPDRS3 score (2.84 increase in UPDRS3 score per 0.1 increase in nigral D2R BPND, 95% CI 0.55-5.14, p = 0.02) (figure 2C). This relationship persisted after adjustment for age (2.13 increase in UPDRS3 score per 0.1 increase in SN D2R BPND, 95% CI −0.03 to 4.29, p = 0.05) and was driven largely by the limb rigidity component of the UPDRS3 (1.21 increase in the limb rigidity subscore per 0.1 increase in nigral D2R BPND, 95% CI 0.39-2.02, p ≤ 0.01). The exclusion of 1 influential point (young participant with a UPDRS3 score of >15) strengthened this relationship (2.65 increase per 0.1 increase in nigral D2R BPND, 95% CI 0.56-4.75, p = 0.01).
Discussion
In this large molecular imaging study of basal ganglia D2 receptors, we provide strong evidence that Mn-exposed welders and workers have higher SN D2R BPND than nonexposed workers using the D2R-specific tracer NMB. We also provide compelling evidence of a dose-response increase in SN D2R BPND with both cumulative Mn exposure and clinical parkinsonism. In contrast to previous smaller PET D2R studies in Mn-exposed human 15, 16 and nonhuman primate models of Mn neurotoxicity, [17] [18] [19] we found similar to higher D2R density in the basal ganglia of Mn-exposed workers and welders relative to nonexposed workers. However, direct comparisons to these older studies are difficult because they included participants with advanced parkinsonism, used nonspecific D2/D3R tracers, and did not examine extrastriatal uptake. This clear linear relationship between increasing SN D2R density and greater severity of parkinsonism as measured by the UPDRS3 strongly suggests that the SN is a target of Mn neurotoxicity. This association was largely driven by limb rigidity. This particular clinical sign was also a primary contributor to progression of parkinsonism related to welding fume exposure in our larger cohort. 21 Taken together, these findings strongly suggest that limb rigidity may be a core clinical feature of Mn neurotoxicity. The specific relationship between SN D2R density and clinical parkinsonism has not been fully described. However, nonhuman primate studies demonstrate a strong correlation between increasing nigral dopaminergic cell loss and greater motor parkinsonism, whereas striatal changes in presynaptic dopaminergic neurons did not fully correlate with motor parkinsonism. 40, 41 In patients with PD, striatal D2R density may be higher than, lower than, or the same as in control participants, secondary to differences in disease severity and medication use. 42 Increases in striatal D2R binding may represent compensatory upregulation of striatal D2Rs in early stages of PD, referred to as D2R denervation supersensitivity. 42 However, with progressive degeneration of nigrostriatal pathways, striatal D2R binding decreases to normal or reduced levels 
(A) Mn-exposed welders, (B) Mn-exposed workers, (C) nonexposed reference workers in the striatum and midbrain overlaid on MRI in the transverse and coronal views, and (D) reference labels for the striatum and substantia nigra are provided for the composite image. However, volumes of interest for sampling are identified on individual MRI images as described in Methods. BPND = nondisplaceable binding potential.
compared to healthy controls. 43, 44 Presynaptic D2R in the SN is located in the perikarya and dendrites of the pars compacta, 6 which autoregulate dopamine release. [45] [46] [47] Higher D2R NMB binding in the SN of Mn-exposed workers and welders could, therefore, represent a similar compensatory upregulation or may represent a direct effect of Mn exposure on SN D2Rs. Further exploration of these hypotheses will be an important area in future studies on the pathophysiology of Mn neurotoxicity.
We also demonstrated a dose-dependent increase in SN D2R BPND with all cumulative Mn exposure metrics. This included evidence for a linear association between both duration in an Mn-exposed jobs and Mn/m 3 -years and SN D2R BPND. Compared to the linear model, the Mn/m 3 -years spline model suggested an alternative interpretation that much of the change in SN D2R BPND occurs between 0 and 0.8 mg Mn/m 3 -year and increases only modestly thereafter. This suggests that there may be a critical Mn exposure window in the first 6 years of exposure. This is consistent with our recent longitudinal clinical cohort study in which we identified a particularly strong association between increasing welding fume exposure and progression of clinical parkinsonism in the first 5 years of exposure, 21 although longitudinal imaging will be needed to determine whether Mn induces neurodegeneration of the dopaminergic system. Estimated mean time-weighted Mn exposure in the present subset of the cohort was 0.11 to 0.14 mg Mn/m 3 for Mn-exposed welders and 0.018 to 0.035 mg Mn/m 3 for Mn-exposed workers and is representative of the overall cohort. 21 These estimates are substantially lower than the US Occupational Safety and Health Administration Permissible Exposure Limit for Mn of 5 mg Mn/m 3 . 48 In contrast, the American Conference of Governmental Industrial Hygienists time-weighted average threshold limit value for inspirable Mn is 0.1 mg Mn/m 3 . 49 Given that we observe a linear relation between Mn exposure and SN D2R BPND in workers with estimated Mn exposures below these recommended exposure limits, our study provides additional support for reducing the Occupational Safety and Health Administration Permissible Exposure Limit to the American Conference of Governmental Industrial Hygienists threshold limit value or lower. This study has several potential limitations. Welding fume contains a number of elements and gases 50 ; therefore, this study cannot fully exclude a contribution from other substances in welding fume, including iron, which competes for the same metal transporter responsible for Mn uptake into the brain. 51 NMB PET is limited to the examination of D2R; therefore, we cannot exclude pathologic effects in other brain neurotransmitters. Similarly, while current evidence suggests that nigral D2Rs are located primarily in the SN pars compacta 6 and that the SN pars reticulata is primarily populated by D1 receptors, 45 the presence of D2R within the pars reticulata or other nigral afferents cannot be excluded. Confirmation is required to understand the extent to which our findings in Mn-exposed workers translate to patients with PD. We also note that because all the workers were essentially of working age (not elderly) and we excluded workers taking dopaminergic medications (effectively excluding those diagnosed with PD), the only workers with a UPDRS3 score >6 were in the Mn-exposed groups. However, the consistency of our results in the sensitivity analysis, focusing only on workers with a UPDRS3 score ≤6, would argue against these criteria causing the difference in DR2 BPND between the exposure groups. Finally, while we cannot fully exclude coexistent early PD, none of the workers was diagnosed with PD by the examining neurologist either at the time of imaging or during their participation in the larger cohort study (mean follow-up for Mn-exposed workers 4.3 years, for Mn-exposed welders 7.6 years), although the average age of these workers was substantially younger than the average age at PD onset. Once again, longitudinal evaluation is required to clarify whether the clinical and imaging phenotype we observed becomes consistent with PD.
Mn-exposed welders and workers demonstrated higher D2R-specific binding in the SN compared to nonexposed workers, suggesting nigral D2R upregulation. Furthermore, there was a dose-response linear increase in SN D2R BPND with greater Mn exposure, with much of the change occurring early in the course of welding exposure, suggesting that a critical exposure and intervention window may exist in the first 6 years of exposure. Finally, clinical parkinsonism increased linearly with greater SN D2R BPND, demonstrating nigral involvement in Mn-induced parkinsonism.
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